Abstract We aimed to assess age-related differences in compensatory hypoxic vasodilation during moderateto-high dynamic exercise at absolute workloads. We hypothesized healthy older adults (n = 12, 61 ± 1 years) would exhibit impaired hypoxic vasodilation at a moderate absolute workload, and this effect would be exaggerated at a higher workload when compared to young adults (n = 17, 27 ± 2 years). Forearm blood flow (FBF) was measured with Doppler ultrasound. Dynamic forearm exercise (20 contractions/min) was completed at two absolute workloads (8 and 12 kg) under normoxic (0.21 F i O 2 , *98% S p O 2 ) and isocapnic hypoxic (*0.10 F i O 2 , 80% S p O 2 ) conditions performed in random order. FBF was normalized as forearm vascular conductance (FBF / mean arterial blood pressure = FVC) to control for differences in blood pressure and to assess vasodilation. FVC increased with exercise and hypoxia (main effects, p \ 0.05); vascular responses were not different between young and older adults (interaction effect exercise 9 group p = 0.37 and hypoxia 9 group p = 0.96). Results were confirmed when analyzed as either an absolute or relative change in FVC (DFVC and %DFVC, respectively). Although group responses to hypoxia were not different, individual results were highly variable (i.e., some adults constricted and others dilated to hypoxia). These data suggest (1) compensatory hypoxic vasodilation in older adults is not impaired during forearm exercise at both moderate and higher absolute exercise intensities, and (2) vascular responses to hypoxia are heterogeneous in both young and older adults. Results suggest unique individual differences exist in factors regulating vascular responses to hypoxia.
Introduction
Oxygen demands of skeletal muscle during exercise are met with a rise in blood flow to the working tissue. Impaired exercise blood flow is thought to be partially responsible for reduced exercise tolerance and functional capacity in older adults and clinical populations (Conley et al. 2000; Fleg et al. 2005; Poole et al. 2003) . Normoxic exercise hyperemia is impaired in the leg of older adults (Koch et al. 2005; Proctor et al. 1998 ) but evidence in the forearm is conflicting; some studies show preserved forearm exercise hyperemia in older adults (Dinenno et al. In response to the stress of hypoxia during exercise, a compensatory vasodilation maintains oxygen delivery despite lowered hemoglobin saturation (DeLorey et al. 2004; Rowell et al. 1986; Wilkins et al. 2006 Wilkins et al. , 2008 . The mechanisms behind this increase in blood flow appear to be intensity-specific in young adults (Casey et al. 2010; Wilkins et al. 2008) , however, much less is known about responses in older adults. Recent evidence from Casey et al. 2011 suggests older adults exhibit preserved compensatory hypoxic vasodilation during low intensity forearm exercise (10% maximal voluntary contraction, MVC), but responses are impaired at a moderate intensity (20% MVC).
The present investigation sought to strengthen and expand the understanding of vascular responses to hypoxia in aging. Such research has relevance to older populations with sleep apnea or those active in high altitude environments. Additionally, poor hypoxic vasodilation could impact ischemic events such as stroke or heart attack. We hypothesized blood flow responses to hypoxic exercise would be reduced in older adults at a moderate absolute exercise intensity and this impaired vasodilatory response would be exaggerated at a higher workload. These studies are warranted given conflicting blood flow results observed in older adults during forearm exercise under normoxic conditions and a solitary study indicating an intensityspecific impact of aging on hypoxic vasodilation.
Materials and methods

Subjects
Both younger (19-34 years) and older (56-67 years) men and women participated in the current study. Subjects were recreationally active, healthy, and free from known cardiovascular disease as judged from medical history, resting blood pressure measurements and fasting lipid and glucose levels. According to self-report, all subjects were nonsmokers and were not taking any cardiovascular medications (i.e., ACE inhibitors, b-blockers, statins, etc.). Female subjects were not pregnant and young women were studied during the early follicular/placebo phase of the menstrual cycle (days 1-5; oral contraception was allowed, n = 4) to minimize any potential influences of female hormones (Minson et al. 2000) . Older female subjects were postmenopausal and one was taking hormone replacement therapy (results were maintained when she was excluded, therefore her data were included in the final analysis).
Written informed consent was obtained from all subjects. All procedures were approved by the Institutional Review Board at the University of Wisconsin, Madison and conformed to the standards set by the Declaration of Helsinki. Subjects were instructed to refrain from exercise, NSAIDS, alcohol, and caffeine for 24 h prior to the study day.
Data acquisition and study protocol
Weight and height were measured and body mass index (BMI, kg m -2 ) was calculated. Forearm volume (FAV) was determined using water displacement. MVC of the non-dominant arm was determined as the average of the two highest measurements from five trials using a hand dynamometer (LaFayette Instruments; LaFayette, IN, USA). Heart rate (HR) and mean arterial blood pressure (BP) were measured by electrocardiography (DatexOhmeda; Helsinki, Finland) and automatic sphygmomanometer on the dominant arm (Datex-Ohmeda; Helsinki, Finland), respectively.
Subjects were supine with the non-dominant arm extended approximately 90°at heart level (Limberg et al. 2010 (Limberg et al. , 2011 Schrage et al. 2004 ). Non-dominant forearm exercise was completed at two absolute workloads (8 and 12 kg) and required subjects to squeeze and release two handles together 4-5 cm to raise and lower a weight over a pulley at a rate of 20 times per minute (1 s contraction:2 s relaxation). An absolute increase in work should result in an absolute increase in oxygen consumption, allowing researchers to assess whether the increase in blood flow is appropriate to meet the metabolic challenge. Forearm blood flow (FBF; artery diameter, blood velocity) was measured with Doppler ultrasound (Vivid 7, General Electric; Milwaukee, WI, USA) (Limberg et al. 2010 (Limberg et al. , 2011 Schrage et al. 2007) . A 12 MHz probe was placed midway between the antecubital and axillary regions of the non-dominant forearm. The ultrasound probe operator continuously adjusted the probe position to maintain a fixed insonation angle \60°.
A 5 cm, 20-gauge venous catheter was inserted into the antecubital vein in the exercising arm and was used to take blood samples throughout the study. Samples were drawn anaerobically in heparinized syringes over 10-20 s, were placed on ice and analyzed within 2 h of collection for venous blood gasses [oxygen (P v O 2 ), carbon dioxide (P v CO 2 ), pH] (ABL500, Radiometer, Copenhagen, Denmark). Samples were collected and analyzed in duplicate and all results were temperature-corrected. Pilot work showed measurements were not significantly different when analyzed 0.5 or 2.5 h after collection (p [ 0.05, data not shown).
Subjects were instrumented with a nose clip, mouthpiece, and breathed through a low-resistance two-way nonrebreathing valve (model 2400, Hans Rudolph) for both normoxic and hypoxic trials. Inspiratory and expiratory flow rates, as well as inspired and expired gases were sampled at the mouth (MedGraphics, Ultima PFX; St. Paul, MN, USA). During normoxic trials, subjects breathed room air (0.21 F i O 2 ). During hypoxic trials, the level of inspired oxygen was titrated to achieve an arterial oxygen saturation (S p O 2 ) of 80% (*0.10 F i O 2 ). S p O 2 was assessed by pulse oximetry on the dominant hand (Datex-Ohmeda; Helsinki, Finland) and forehead (Nellcor, N-595; Pleaston, CA, USA). Gasses were blended (air-oxygen mixer, PuritanBennett; Los Angeles, CA, USA) in an attempt to maintain normoxic CO 2 levels (isocapnia) while achieving desired S p O 2 .
Each subject completed a total of four trials (8 and 12 kg forearm exercise during normoxia and hypoxia) in random order with a 10-min normoxic rest period after each trial. With each trial, steady-state ventilation at the desired S p O 2 was maintained for an average of 4 min prior to the collection of resting measures. Hypoxic and normoxic resting data are reported as the average of data collected prior to the respective 8 and 12 kg workloads. After quiet rest, subjects completed 3.5 min of dynamic exercise. All steady-state exercise data were collected during the last 30 s of dynamic exercise. Similar methods have been used previously by our laboratory and others (Casey et al. 2010; Limberg et al. 2010; Wilkins et al. 2006 ).
Data and statistical analysis
FBF was determined as published previously by our laboratory (Limberg et al. 2010 (Limberg et al. , 2011 . Briefly, FBF was calculated as the product of mean blood velocity (cm s -1 ) and vessel cross-sectional area (p radius 2 with radius measured in cm) and was reported in ml min -1 . Arterial blood velocity was continuously assessed throughout rest and each exercise workload. Beat-to-beat pulse-wave velocity was analyzed as an average of the last 30 s of rest and steady-state exercise. Artery diameters were obtained from B-mode images taken at rest and during the last 10 s of exercise. Diameter was determined in a longitudinal section of the artery running perpendicular to the ultrasound beam. Measurements were made off-line by a trained operator and final values are reported as the median of five measurements in late diastole during each resting and exercise period (between muscle contractions) to determine vessel cross-sectional area.
A commercial interface unit (Multigon Industries, Yonkers, NY, USA) processed the angle-corrected, intensity-weighted Doppler audio information from the GE Vivid ultrasound system into a flow velocity signal that was sampled in real time with signal-processing software (PowerLab, ADinstruments; Colorado Springs, CO, USA). All hemodynamic data were digitized, stored in a computer at 400 Hz, and analyzed off-line using PowerLab. Postprocessing using PowerLab's Chart application package yielded mean blood velocities. All ventilatory signals were sampled at 75 Hz and displayed on a separate chart recorder (MedGraphics Breeze Suite; St. Paul, MN, USA).
Due to group differences in BP, FBF measurements were normalized for simultaneous BP measures and are reported as vascular conductance (FVC; mL min -1 100 mmHg -1 ). Changes in FVC are indicative of changes in arteriole diameter and vascular responses to exercise and/or hypoxia. A change in FVC (DFVC) was calculated as FVC exercise -FVC normoxia rest . The main dependent variable was a change in FVC due to hypoxia (compensatory vasodilation) and was assessed as a relative change in DFVC with hypoxia:
To better understand individual vascular responsiveness to a drop in S p O 2 (a measure of hypoxia sensitivity), we compared the twopoint slope of the relationship between S p O 2 and FVC; a negative slope is indicative of hypoxic vasodilation and vice versa (Reichmuth et al. 2009 ).
Subject characteristics were compared via unpaired Student's t test. Hemodynamic variables were analyzed using a proc mixed approach to determine the significance of the fixed effect of group (young, older), gas (normoxia, hypoxia), and/or intensity (Rest, 8, 12 kg) on parameters of interest. Bonferroni post hoc comparisons were performed when significant effects were observed. Analysis of covariance was conducted post hoc to estimate the significant effect of group (young, older) on FVC above effects of potential covariates (sex, MVC, FAV, glucose, triglycerides, total cholesterol, HDL, LDL, weight, waist circumference, BMI, HR, BP, minute ventilation, breathing frequency, tidal volume, end-tidal CO 2 ). Previous research from our lab suggests adults with metabolic syndrome (obesity, dyslipidemia, hyperglycemia, hypertension) exhibit altered hypoxic-mediated vasodilation at rest; thus, we assessed potential effects of cardiovascular disease risk factors on blood flow responses (Limberg et al. 2011) . All data are presented as mean ± standard error, and significance was determined a priori at p \ 0.05. Statistical analysis was done using SAS 9.2 (Cary, NC, USA).
Results
Subject characteristics
Seventeen young (27 ± 2 years, males n = 12) and 12 older (61 ± 1 years, males n = 5) adults completed the current study. Data from a subset of younger participants (n = 13) were presented previously (Limberg et al. 2011) . Subject characteristics are summarized in Table 1 . There were no significant differences between groups in regard to weight nor fasting glucose, triglyceride, and cholesterol (total, LDL, HDL) levels (p [ 0.05). Older adults exhibited smaller forearm size (FAV, p = 0.02) and lower handgrip strength (MVC, p \ 0.01) when compared to the young control group. While within healthy ranges, older adults exhibited greater waist circumference (p \ 0.01) and BMI (p = 0.04).
Hyperemic responses to exercise and hypoxia
Brachial artery diameter was significantly smaller (*0.02 cm) in older adults (Table 2 ; main effect, p \ 0.05).
FBF was greater in older subjects across workloads and gas conditions (main effect, p \ 0.05); this difference was abolished when differences in BP were accounted for (FVC, p [ 0.05 between groups). FBF and FVC increased with exercise and hypoxia in both groups (Table 2 ; main effects, p \ 0.05) and this response was not different between groups (interaction effect exercise 9 group p = 0.37 and hypoxia 9 group p = 0.96, respectively). Whereas conclusions regarding FVC were maintained after adjusting for potential covariates (data not shown), glucose levels (p = 0.02) and minute ventilation (p = 0.02) had significant effects on FVC.
Given the potential for alternative conclusions based on data expression alone, we took a comprehensive approach to both data expression and analysis. Conclusions regarding responses to hypoxia between groups were maintained when vascular responses were analyzed as absolute (FVC, Table 2 ), absolute change (DFVC, Fig. 1 ), relative change (%DFVC, Fig. 2 ), hypoxia sensitivity (two-point slope, Fig. 3 ), and relative to forearm volume (DrFVC at average relative workloads, data not shown).
Whereas group responses to hypoxic exercise were not different, individual responses were heterogeneous (Fig. 3) . In response to hypoxia, some individuals exhibited vasoconstriction (positive values) and others exhibited vasodilation (negative values). Specifically, %DFVC during 8 kg exercise ranged from hypoxic-mediated vasodilation (up to 118%) to vasoconstriction (as low as -29%). Similar ranges were observed during 12 kg exercise (-35 to 78%). This heterogeneity was observed in both groups.
Systemic and venous blood gas responses
Older adults exhibited consistently higher BP and lower HR when compared to young controls (Table 3 ; main effect, p \ 0.05); BP and HR increases from rest to exercise were not different between groups. In response to hypoxia, older adults had a smaller increase in HR when compared to young controls (group 9 gas interaction, p \ 0.05). While statistically different (p \ 0.05), S p O 2 was physiologically similar (*1%) between groups, and decreased significantly in both groups with hypoxia (p \ 0.05). Ventilatory data are presented from a subset of participants (young n = 11, older n = 10) due to a data storage error. Older adults exhibited lower tidal volume (Table 3 ; main effect, p \ 0.05) but breathing frequency and resultant minute ventilation were not different when compared to young controls (p [ 0.05). In response to hypoxia, both groups increased tidal volume and minute ventilation (Main effect, p \ 0.05); however, younger adults appeared to have greater increases in breathing frequency and minute ventilation in response to the hypoxic stimulus (group 9 gas, p \ 0.05). End-tidal CO 2 (E T CO 2 ) was consistently lower in older adults (Table 3 ; main effect, p \ 0.05). With hypoxia, E T CO 2 fell modestly (0.2-0.5%; main effect, p \ 0.05) and similarly between groups (interaction effect group 9 gas, p = 0.45). These small differences in E T CO 2 are not physiologically significant to forearm blood flow, given levels were within a normoxic, normocapnic range.
Venous blood gasses were not significantly different between groups (Table 4 ; p [ 0.05). In response to hypoxia, both groups exhibited a decrease in P v O 2 and an increase in P v CO 2 . The similar drop in P v O 2 suggests increased muscle extraction in both groups-although extraction was not directly assessed with the current study design. Older adults exhibited consistently higher pH (Main effect, p \ 0.05); the decrease in pH with exercise was not different between groups.
Discussion
The current study examined potential age-related differences in compensatory hypoxic vasodilation. Novel findings demonstrate: (1) exercise at both moderate and higher absolute exercise intensities, and (2) vascular responses to hypoxia are variable in both young and older adults. The latter suggests heterogeneity in physiologic factors mediating hypoxic vasodilation.
Vascular responses to exercise with age
Evidence regarding an age-related impairment in forearm exercise hyperemia under normoxic conditions is conflicting. Some research suggests older adults have reduced blood flow during forearm exercise (Kirby et al. 2009 ), whereas others show responses to be preserved with age (Dinenno et al. 2005; Donato et al. 2006; Jasperse et al. 1994; Wray et al. 2010) . It is possible differences in blood flow responses with aging are intensity-dependent (Proctor et al. 1998 (Proctor et al. , 2003a . In the face of such controversy, results from the current study strengthen and expand current understanding of vascular control in aging; forearm exercise hyperemia is maintained with healthy aging at moderate and higher absolute exercise intensities (Table 2 ; Fig. 1 ).
Vascular responses to hypoxia with age
Investigation into the effect of aging on vascular responses to hypoxia and exercise has relevance to older populations with sleep apnea or those active in high altitude environments. Additionally, poor hypoxic vasodilation could impact ischemic events such as stroke or heart attack. A handful of studies have measured hypoxic vasodilation in the forearm of young adults at rest Markwald et al. 2011; Weisbrod et al. 2001 ) and during exercise (Casey et al. 2010; Crecelius et al. 2011; Wilkins et al. 2006 Wilkins et al. , 2008 , however, much less is known about responses to hypoxia in older adults. Hypoxic vasodilation shares many pathways with the exercise response [Betaadrenergic (Wilkins et al. 2008) , nitric oxide (Casey et al. 2010; Crecelius et al. 2011; Markwald et al. 2011) , prostaglandins Markwald et al. 2011) , adenosine (Leuenberger et al. 1999) ] that may be impaired with aging (Andrawis et al. 2000; Nicholson et al. 2009; Schrage et al. 2007; Sindler et al. 2009; Taddei et al. 1995 Taddei et al. , 2000 . Therefore, we hypothesized forearm hypoxic vasodilation would be impaired in older adults at a moderate Young 98 ± 0 7 9 ± 0 9 8 ± 0 7 7 ± 1 9 9 ± 0 7 9 ± 1 Old 98 ± 0 7 9 ± 1 9 8 ± 0 7 8 ± 1 9 8 ± 0 7 8 ± 1
Old (n = 10) 0.7 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.8 ± 0.0 0.7 ± 0.1 0.9 ± 0.1
Breathing frequency (br/min) C Young (n = 11) 15 ± 1 1 7 ± 2 1 4 ± 2 1 9 ± 2 1 4 ± 1 1 7 ± 2 Old (n = 10)
Data are presented as mean ± SE. Young n = 17, Old n = 12 unless otherwise noted Main effect of exercise: a p \ 0.05 versus rest A Main effect of group (young vs. old), B main effect of gas condition (normoxia vs. hypoxia), C interaction between group and gas condition absolute workload (8 kg) and this effect would be exaggerated at a higher workload (12 kg). Contrary to our hypothesis, results from the current study show compensatory vasodilation to be maintained during both moderate and higher forearm exercise in older adults. These findings suggest older adults are capable of compensating for reduced oxygen delivery seen with hypoxia. Our results are in contrast to previously published findings during forearm exercise at a moderate relative intensity (20% MVC) (Casey et al. 2011) . This was unexpected considering the forearm exercise model and level of hypoxemia appear nearly identical between studies. However, this is the first study to use absolute workloads at both moderate (8 kg) and high (12 kg) exercise intensities to assess age-related differences in blood flow responses. A specific, absolute increase in work should result in an absolute increase in oxygen consumption, allowing researchers to test whether the increase in blood flow (oxygen delivery) is appropriate to meet the metabolic challenge. Further, absolute exercise intensities have been shown to result in comparable increases in oxygen consumption between young and older adults (Donato et al. 2006; duManoir et al. 2010a, b) and are applicable to everyday activities. This becomes especially important when studying populations that differ, whether statistically or physiologically, in muscle mass and strength (Table 1) Proctor et al. 1998 Proctor et al. , 2003a . Similar decreases in P v O 2 between groups in response to hypoxia suggest increased extraction may contribute to preserved oxygen delivery similarly between groups (Table 4) and given group differences in strength, it is important to highlight expressing data in absolute (Fig. 1) or relative (data not shown) terms did not alter conclusions regarding hypoxic vasodilation.
Heterogeneity in blood flow responses to hypoxia
Vascular responses to hypoxia were heterogeneous despite tightly controlled hypoxic conditions (Fig. 3) . This suggests compensatory vascular control mechanisms differ between individuals, irrespective of aging. This is in line with a growing body of evidence indicating heterogeneity in cardiovascular control (Charkoudian 2010; Parker et al. 2011) . Given vascular control during hypoxia is a balance of sympathetically mediated constriction and local vasodilatory mechanisms, it may not be surprising some adults exhibit hypoxia-mediated vasodilation (Fig. 3 , negative values) and others exhibit constriction (Fig. 3 , positive values). Whereas the current study is descriptive in nature, the data make two important contributions to the literature: (1) the impact of aging on hypoxic vasodilation is not clearly established, and (2) a high degree of individual variability in hypoxic responses exists in both young and older healthy adults. Taken together, future studies are necessary to elucidate the physiological diversity in specific control mechanisms both within and between groups.
We explored predictors of compensatory vasodilation post hoc to determine whether the other factors could explain heterogeneous responses. Whereas group differences in FVC were not observed after adjusting for potential covariates (p = 0.25), glucose levels appeared to have a significant effect on FVC (p = 0.02). Therefore, factors secondary to aging (hyperglycemia) may play a more important role in blood flow responses than age per se. This is interesting considering all participants were relatively healthy and free from overt cardiovascular disease. These findings may have implications for comorbidities often associated with increasing age (i.e., diabetes). (Boushel et al. 2002; Mortensen et al. 2007; Schrage et al. 2004) . To stress compensatory mechanisms beyond the point of redundancy, higher exercise intensities may be necessary. A novel aspect of the current study was the use of high intensity exercise. Interestingly, even at this higher intensity (12 kg), vascular responses to forearm exercise (FVC) were maintained in older adults. Previous research suggests vascular control mechanisms are altered or impaired with aging-such as blunted nitric oxide-mediated dilation (Schrage et al. 2007 ) and enhanced adrenergic-mediated vasoconstriction (Dinenno et al. 2005) . However, it appears that alternative mechanisms may compensate for any such impairment in our research cohort. Additionally, research in animals supports the concept of altered flow distribution with aging (Musch et al. 2004 ) that could not be assessed with the current study design. Taken together, the impact of aging on hypoxic vasodilation is not clear and novel findings from the current study provide a basis for follow-up hypothesisdriven mechanistic research, including alpha-adrenergic constriction, beta-adrenergic dilation, and local metabolic factors. Interestingly, we observed group-specific differences in heart rate responses to the hypoxic stimulus. Specifically, older adults had a smaller increase in HR in response to hypoxia when compared to young controls (Table 3 ). This observation is consistent with literature suggesting reduced beta-adrenergic sensitivity of the heart in older adults (Lakatta 1986 ). Beta-adrenergic vasodilation is also an important mechanism of hypoxia-mediated blood flow (Wilkins et al. 2006) . However, altered beta-adrenergic responsiveness is unlikely to limit conclusions from the current study given beta-mediated hypoxic vasodilation is important only at low (10%, *4 kg) forearm exercise intensities (Wilkins et al. 2008) .
The potential for sex differences in hypoxic dilation deserves discussion. Including both sexes is an important strength, given the predominance of male-only physiologic studies in the literature. Recent evidence suggests sex plays an important role in vascular responses in the leg in older adults (Proctor et al. 1998 (Proctor et al. , 2003a Wray et al. 2010) . On the other hand, previous research does not support sex differences in vascular control in the exercising forearm under normoxic conditions (Koch et al. 2005; Parker et al. 2007; Proctor et al. 1998 Proctor et al. , 2005 Ridout et al. 2005) , and sex was not a significant covariate in the current study. Therefore, the inclusion of both men and women does not limit conclusions.
Conclusion
The current study assessed the impact of aging on the integrated vascular response to hypoxia. These findings indicate compensatory hypoxic vasodilation in older adults is not impaired during moderate and higher intensity forearm exercise. Heterogeneous vascular responses to hypoxia suggest unique individual differences exist in factors regulating blood flow under hypoxic conditions. The importance of physiological diversity in specific control mechanisms-in both health and aging-warrants further investigation.
